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[1] Potential vorticity (PV) and stream function (y) are useful vortex-centered
coordinates for studying the winter stratosphere, since both exhibit monotonic
relationships with tracer constituents. At each isentropic level in the stratosphere and
mesosphere, y varies monotonically normal to the jet axis and to tracer contours, and can
thus be considered vortex-centered. In the stratosphere, PV is anticorrelated with y and is
also vortex-centered. We show that, contrary to this, above �3000 K (�60 km) the PV-y
anticorrelation breaks down up to 80% of the time. Over five years of Goddard Earth
Observing System analyses are used to depict the seasonal and spatial variation of the
relationship between PV and y . The deviation of PV from a vortex-centered coordinate
is estimated by calculating differences between the mean latitude of the highest PV band
and the most polar mean latitude for any PV band in the hemisphere. If PV is
anticorrelated with y , and thus vortex centered, these differences should be small. In
both winter hemispheres, latitude differences are less than 5� below 55 km but exceed
15� above 60 km (�0.5 hPa, �3000 K). In the mesosphere, regions of small PV are
usually found in the vortex core and the largest PV values are located along the
subtropical jet. The relationship between PV and y in the polar lower mesosphere is
interpreted in the context of the gravity wave driven warm anomaly, the associated
wave breaking regime, and local static stability anomalies which affect PV much more
than y .
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1. Introduction

[2] The winter stratospheric polar vortex is characterized
by a strong westerly circumpolar jet that forms as a result of
the absence of shortwave heating by ozone in the polar
night, the polar night jet (PNJ) [e.g., Schoeberl et al., 1992].
Large descent rates in the vortex [e.g., Fisher et al., 1993;
Manney et al., 1994; Rosenfield et al., 1994] and homog-
enization by Rossby wave breaking (RWB) [e.g., McIntyre
and Palmer, 1983; Baldwin and Holton, 1988; Rhines and
Young, 1982] create a polar vortex air mass that is distinctly
different from air outside the vortex. The polar air mass is
the site of polar stratospheric cloud-induced ozone depletion
in the lower stratosphere [e.g., Solomon, 1999] and ener-
getic particle-induced production of odd nitrogen in the
upper stratosphere and mesosphere [e.g., Randall et al.,
2006, 2007, 2009]. Poleward RWB occurs contemporane-
ously with equatorward RWB on the PNJ [Hitchman and

Huesmann, 2007], creating distinctive polar and midlatitude
air masses. Immediately equatorward of the jet maximum
differential advection shears eddies into filaments, leading
to pronounced gradients in potential vorticity (PV) and trace
constituents, characterized by densely interlayered ribbons
of air from the two air masses, with attendant mixing [e.g.,
Proffitt et al., 1992; Lahoz et al., 1994]. In the stratosphere,
the relationship between PV and trace constituents is ex-
tremely useful for diagnostic interpretation and assimilation
of satellite trace constituents into global chemical transport
models [e.g., Manney et al., 1999, 2007, 2009a, 2009b;
Stajner et al., 2004; Randall et al., 2005].
[3] The polar mesospheric mean meridional circulation is

characterized by rising air over the summer pole and sinking
air over the winter pole. Haurwitz [1961] and Leovy [1964]
showed that it is driven by the absorption of gravity waves
atop the winter westerly and summer easterly stratospheric
jets. The resulting gravity wave driven warm anomaly
descends during winter by nonlinear wave–mean flow
interaction, creating a separated polar winter stratopause
[Hitchman et al., 1989; Danielsen, 1990; Garcia and
Boville, 1994]. It is known that the PNJ is located at lower
latitudes in the mesosphere than in the stratosphere due to
this polar warm anomaly [Dunkerton and Delisi, 1985].
This structure leads to an unusually vigorous wave breaking
regime in the polar lower mesosphere, which, as will be
shown, involves shallow temperature anomalies.
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[4] Widely used to understand flow and static stability
structure, Ertel’s PV (given as P in equations) is the product
of absolute vorticity and static stability:

P ¼ f þ zð Þ=s; ð1Þ

where f = 2W sin 8 is the local vertical component of
planetary vorticity, z = @v/@x � @u/@y is relative vorticity,
s is isentropic density (kg m�2 K�1), and 1/s = �g @q/@p =
(1/r) @q/@z is static stability [Ertel, 1942]. Variables follow
the notation of Andrews et al. [1987]. The distribution of
PV provides insight into inertial and convective instabilities,
Rossby wave dynamics, the development of weather
systems, and barotropic and baroclinic instabilities [Hoskins
et al., 1985]. Due to the Coriolis parameter, PV normally
increases monotonically from large negative values at the
South Pole to large positive values at the North Pole.
Meridional reversals in the PV gradient are indicative of
RWB and irreversible mixing which violates PV conserva-
tion. Due to the upward decrease of density, PV generally
increases with increasing altitude.
[5] A crucial aspect of PV is that it includes a vertical

derivative of temperature, while stream function y (and
hence the relative vorticity component of PV) is a vertical
integral of temperature. These mathematical definitions
allow for the possibility that vertically local temperature
anomalies can influence PV much more than y , and provide
the core of our explanation for the observed relationship
between PV and y in the polar lower mesosphere.
[6] Since the meridional profile of the zonal wind across

a westerly jet maximum is negatively curved (@2u/@y2 < 0),
the PV gradient is enhanced at the jet maximum. Thus, the
PV gradient maximum is useful for identifying the jet axis
[e.g., Rummukainen et al., 1994; Nash et al., 1996] at the
edge of the polar vortices. In the stratosphere, the PV contour
determined to represent the vortex edge agrees well with
vortex edge calculations using other techniques [e.g.,Waugh,
1997; Harvey et al., 2002]. Butchart and Remsberg [1986]
employed the prevalent monotonic PV increase from the
tropics to the center of the boreal stratospheric polar vortex in
a novel fashion, using PV to compute equivalent latitudes for
categorizing constituent distributions. An equivalent latitude
circle for a given value of PV encloses the same area as the
total area of air with PV exceeding that value in the hemi-
sphere. Geographically separated but similar air masses, with
characteristic values of PV and constituent concentrations,
are combined in equivalent latitude bins. This procedure for
combining like air masses is more appropriate than averaging
around latitude circles when zonal asymmetries exist. Many
authors have used PV-based equivalent latitude as a useful
vortex-centered meridional coordinate in the stratosphere
[e.g., Norton, 1994; Lary et al., 1995; Randall et al., 2005;
Ren and Cai, 2006; Stan and Randall, 2007; Manney et al.,
1999, 2007, 2008b].
[7] Allen and Nakamura [2003] showed that near the

stratopause, PV equivalent latitude sometimes has a local
minimum in the vortex that is not observed in tracer equiv-
alent latitude (TrEL). Tracer contours are observed as
concentric loops that encircle the polar vortex [Nakamura,
1995; Nakamura and Ma, 1997]. Since tracer concentra-
tions generally vary monotonically poleward of the jet axis,
the TrEL approach yields a vortex-centered coordinate at

both low and high altitudes. Upper stratospheric and lower
mesospheric observations suggest that the horizontal distri-
bution of PV in the mesosphere can be quite complex [e.g.,
Manney et al., 2008a, 2009b, and references therein].
Filipiak et al. [2005] showed evidence that carbon monoxide
(CO) from the microwave limb sounder (MLS) and PV are
not well correlated in the mesosphere, although Pumphrey et
al. [2007] cautioned that MLS CO may be somewhat noisy
in the mesosphere. Lahoz et al. [2009] showed differences
between horizontal distributions of PV derived using Euro-
pean Centre for Medium-range Weather Forecasting
(ECMWF) analyses and methane observed by the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS)
instrument.
[8] This work explores the relationship between y and

PV from 500 to 4600 K and its evolution during winter in
both hemispheres. The Goddard Earth Observing System
(GEOS) analyses from which y and PV are computed are
described in section 2, as well as a description of MLS
temperature and CO. The seasonal, latitudinal, and altitudinal
dependence of the utility of PV and y for interpreting
constituent distributions is shown in Section 3, including
an estimate of the fraction of time for which PV or y is not
useful as a vortex-centered coordinate. These results are
interpreted in terms of physical processes in Section 4,
which focuses on static stability structures and effects on
PV and y . Conclusions are given in Section 5.

2. Meteorological Analyses and Satellite Data

2.1. GEOS-5 Assimilated Analyses

[9] This work uses analyses from the NASA Global
Modeling and Assimilation Office’s (GMAO) GEOS
versions 5.1 and 5.2 (after August 2008) [Rienecker et al.,
2008, and references therein]. GEOS-5 analyses are pro-
duced using the Grid point Statistical Analysis method of
Wu et al. [2002], a three-dimensional variational assimila-
tion system, with a 6 hour analysis window. The atmo-
spheric model makes use of a finite-volume dynamical core
[Lin, 2004]. The model assimilates operational meteorolog-
ical products, column ozone from the Solar Backscattered
Ultraviolet (SBUV) and SBUV/2 instruments [Stajner et al.,
2004], and microwave and infrared radiances from the
Special Sensor Microwave Imager and Atmospheric Infra-
red Sounder instruments, as described by Stajner et al.
[2007]. An incremental analysis update approach is used
to reduce shocking the model following the insertion of
observations [Bloom et al., 1996]. The model incorporates
two gravity wave drag parameterizations, an orographic
gravity wave drag formulation based on McFarlane
[1987], and a formulation for nonorographic waves based
on Garcia and Boville [1994]. These are tuned to yield
realistic stratospheric and mesospheric temperatures and
wind fields in the free-running model (S. Pawson, personal
communication, 2008). In this work, GEOS-5 analyses of
pressure, temperature, geopotential height, horizontal
winds, and PVare used. Analyses are provided every 6 hours
at 72 vertical levels from 1 km to 72 km, on a 0.5� latitude
by 2/3� longitude grid.
[10] Daily averaged products are linearly interpolated to a

2.5� latitude by 3.75� longitude grid and to potential
temperature levels ranging from 500 K (�20 km) to 4600 K
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(�75 km). The vertical resolution of the isentropic surfaces
is 100 K between 500 K and 1000 K, and 200 K between
1000 K and 4600 K. This vertical resolution corresponds to
altitude increments of �3 km near 25 km altitude, decreas-
ing to �1.5 km near 75 km altitude. We compared the
coarse analyses to the original resolution analyses, and the
large-scale wind and PV fields are similar; both show a jet
maximum in the mesosphere that is at lower latitude than in
the stratosphere and weak PV gradients at higher latitudes.
In our analysis we estimate a rotational stream function y ,
which is obtained by separating the velocity field into
divergent and rotational components, and solving the in-
verse Laplacian: y = (@2/@x2 + @2/@y2)�1 z. Results based
on y are very similar to those based on the Montgomery
stream function, M = Cp T + g Z, where Cp is the specific
heat at constant pressure, T is in Kelvins, g is gravitational
acceleration, and Z is geopotential height in m. Values of y
are shown here in units of s�1. For use in calculating wind
and vorticity, y values should be multiplied by a2, where
a = 6.367 � 106 m, scaling for the inverse Laplacian.
[11] It is important to understand the validity of the

GEOS-5 analyses. Manney et al. [2008a] compared
GEOS-5 temperature and zonal winds to satellite observa-
tions during January and February 2006. In late January
2006 there was a major stratospheric warming event fol-
lowed by a strengthening of the upper stratospheric vortex
in February and reformation of the polar stratopause at very
high altitude (�80 km). The stratopause in GEOS-5 re-
formed near 60 km and was 10–20 K warmer than MLS.
Above 50 km, GEOS-5 zonal mean wind speeds (both
easterlies and westerlies) were stronger than those derived
from the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) instrument as well as from
MLS temperatures [Manney et al., 2008a]. Large differ-
ences between GEOS-5 and MLS stratopause altitude and
temperature were also observed in the weeks following the
warming event in late January 2009 [Manney et al., 2009a].
These biases in the upper stratosphere and lower meso-
sphere are likely due to a lack of observations assimilated
above the stratopause, deficiencies in the parameterization
of gravity waves, and model tops that are too low. The
reader is referred to Manney et al. [2008a, 2008b, 2009a,
2009b] for further comparisons between GEOS-5 and
satellite data and for detailed analysis of the dynamical
and trace gas evolution before, during, and after the 2006
and 2009 warming events.
[12] Comparisons between GEOS-5, MLS, and SABER

temperatures are in better agreement when conditions are
less disturbed (not shown). The large-scale structure of the
elevated polar winter stratopause is captured in GEOS-5,
albeit it is usually warmer than indicated by MLS. Likewise,
during stratospheric warming events, the descent of the
stratopause in GEOS-5 is in general agreement MLS obser-
vations. With the exception of several weeks following
stratospheric warming events in the Arctic in 2006 and
2009, the large-scale structure and morphology of the
stratopause in GEOS-5 is in good agreement with MLS.
Five-year latitude-time series show that the stratopause in
GEOS-5 is �10 K warmer and �5 km higher than MLS
inside the winter polar vortices in both hemispheres; the
opposite is found outside the vortex in midlatitudes and during
the summer (J. France et al., Comparison of GEOS-5,

SABER, and MLS stratopause height and temperatures,
manuscript in preparation, 2009). The large-scale structure
of the temperature field in GEOS-5 is in qualitative agree-
ment with observations such that static stability distributions
are of sufficient quality to support our conclusions. The
present work relies on broadly consistent features between
the GEOS-5 analyses and satellite observations, namely a
lower-latitude mesospheric jet surrounding a warm anomaly
at the pole. It will be argued that the change in relationship
between PV and y is related to the vertically local tempera-
ture anomalies in the lower mesospheric surf zone [e.g.,
Oberheide et al., 2006; Sassi et al., 2002], rather than being
a flaw in the temperature and wind analyses.

2.2. MLS Temperature and Carbon Monoxide

[13] This work uses MLS Version 2.2 temperature data to
compute static stability for comparison with GEOS-5. MLS
CO data are compared to GEOS-5 horizontal winds and y
to support the assumption that, in the upper stratosphere and
lower mesosphere, y remains a vortex-centered field. The
MLS instrument is on NASA’s Earth Observing System
(EOS) Aura satellite that was launched on 15 July 2004
[Waters et al., 2006] into a Sun-synchronous polar orbit.
MLS measures thermal microwave emissions from the
Earth’s limb and provides measurements between 82� S to
82� N each day. Nearly 3500 vertical profiles are measured
daily at 120 tangent altitudes. In the stratosphere and lower
mesosphere, the profiles are spaced about 165 km apart
along the orbit track. Temperature is determined from
emissions of oxygen at 118 GHz below 1.41 hPa and at
118 GHz and 190 GHz from 1 hPa to 0.001 hPa. The
vertical resolution is �8 km at 1 hPa and �9 km at 0.1 hPa.
Systematic and random errors are 0.6 K in the lower
stratosphere and 2.5 K in the mesosphere [Schwartz et al.,
2008]. Schwartz et al. [2008] used SABER, the Halogen
Occultation Experiment (HALOE), the Atmospheric Chem-
istry Experiment (ACE), and radiosondes to show that MLS
temperatures have a warm bias of 1–3 K in the stratosphere
and a 0–7 K cold bias in the mesosphere. MLS temperature
data are of sufficient quality for use in scientific studies
from 316 hPa to 0.001 hPa (�90 km).
[14] MLS determines CO from emission at 240 GHz. The

vertical resolution is 3–4 km below 60 km and 7–8 km
above 60 km. In the mesosphere, CO mixing ratios have a
25% high bias compared to data from the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer
[Pumphrey et al., 2007; Manney et al., 2007]. In the winter
vortex, the descent of CO-rich air from the mesosphere to
the stratosphere results in mixing ratios that are much larger
than estimates of precision [Pumphrey et al., 2007]. MLS
CO data are of sufficient quality for use in scientific studies
from 215 hPa to 0.0046 hPa (�85 km). For this work, the
temperature and CO data have been filtered using the status,
quality, threshold, and convergence values provided by the
MLS science team [Livesey et al., 2007].

3. Results

[15] Horizontal distributions of y and PV are shown in
Figure 1 to illustrate the geographic location of y minima
and PV maxima relative to the location of the polar night
jet. Northern Hemisphere (NH) polar projections are shown
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of y and PV at two vertical levels on a typical boreal winter
day. While conditions on this day are representative, the
strongest stratospheric warming on record began �12 days
later [Manney et al., 2009a]. The 1000 K surface (Figure 1,
bottom) lies in the middle stratosphere near 35 km, while
3000 K (Figure 1, top) is in the lower mesosphere near
60 km. The thick, white contour overlaying the y and PV
fields denotes the vortex jet as defined by the GEOS-5
analyses. Horizontal wind speeds exceed 75 (60) m/s inside
this contour at 3000 K (1000 K). At 1000 K, streamlines
(Figure 1, left) are parallel to the geostrophic flow and are
thus aligned with the PNJ. y values decrease monotonically
normal to the jet axis. Large PV gradients (Figure 1, right)
are collocated with the PNJ and PV values increase pole-
ward across the jet. However, there is a local PV minimum
over the most of the Arctic Ocean. As a result, equivalent
latitudes based on the PV field combine air in the vortex
core with air near the jet stream (regions shaded green in
Figure 1 are placed into the same equivalent latitude bin). In
this situation, 90� equivalent latitude does not correspond to
air in the vortex core; instead, it denotes air along the
poleward flank of the jet. An example of this effect on the
interpretation of trace gas distributions is given by Feist et
al. [2007] who showed dry mesospheric air in the Arctic
vortex that had midlatitude (instead of high latitude) equiv-
alent latitude values.

[16] At 3000 K, the PNJ remains pole-centered but is
elongated along the 210� E and 30� E meridians. By
definition, streamlines remain aligned with the horizontal
flow and y values decrease monotonically poleward of the
PNJ (Figure 1, top left). Figure 1 (top right) shows that the
PV field is complicated. Maximum PV values stretch along
the PNJ as well as over Asia and the North Pacific
(equatorward of the jet stream). Large regions of low PV
are located poleward of the jet maxima over the Arctic
Ocean, north of Greenland. PV does not increase monoton-
ically poleward of the jet due to decreased static stability
above a distorted polar warm anomaly (shown in section 4).
The explanation has at its core a fundamental dynamical
setting of a warm pole in a westerly vortex, plus synoptic
advection isolating PV pockets such that there are subre-
gions where PV correlates positively with y . Caution must
be used in the interpretation of small-scale structure since
the temperature and wind fields suffer from inaccuracies
due to a lack of observations constraining the model above
the stratopause. High altitude PV fields in the National
Center for Atmospheric Research Whole Atmosphere Com-
munity Climate Model also show high values that stretch
along the poleward flank of the jet (not shown); this
provides confidence that large-scale structures are realistic.
Additionally, MLS PV fields show similar zonal bands of
high values in midlatitudes [e.g., Manney et al., 2008a,

Figure 1. NH orthographic projections of GEOS-5 (left) y and (right) PV on 7 January 2009 at the
(top) 3000 K level (�60 km) and (bottom) 1000 K level (�35 km). The thick white contour denotes wind
speeds of 75 m/s at 3000 K and 60 m/s at 1000 K. The units for y are s�1; thus it needs to be multiplied
by the radius of the Earth squared for use in calculating wind or vorticity.
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Figure 9] lending confidence that the large-scale structure
of GEOS-5 PV is of sufficient quality for the purposes of
this work.
[17] While there remain large PV gradients at the jet,

allowing PV to adequately define the vortex edge on this
day, the vortex itself contains a wide range of PV values.
Similar to the 1000 K level (but to a larger degree),
equivalent latitudes based on PV blend air in different
dynamical regimes and thus diminish its primary advantage.
Since there are both high and low PV values in the lowest y
bins, the spatial correlation between y and PV breaks down.
This work makes use of the correlation between y and PV
to quantify how often maximum PV is not located in the
lowest y bins. When this is the case, 90� equivalent latitude
does not correspond to air in the vortex core.
[18] MLS CO is shown next as an independent data set

with which to compare to GEOS-5 y and PV and explore
variations with respect to the vortex. This analysis gives
confidence that y is a reliable vortex-centered metric above
50 km where observations do not constrain the GEOS-5

analyses. Figure 1 showed y and PVat two altitudes: 35 km
and 60 km. Figure 2 pertains to the same day as shown in
Figure 1. Figure 2a is a NH polar stereographic projection
of CO at 55 km. As in Figure 1, the white contour denotes
the 75 m/s isotach surrounding the PNJ. Highest CO mixing
ratios are located inside the vortex near the pole and rapidly
decrease outside the vortex. The dark gray symbols in
Figure 2a indicate the MLS swath that is the x axis in
Figures 2a–2f. Figures 2b, 2c, and 2d are cross-polar
altitude sections of MLS CO, GEOS-5 y , and GEOS-5
Modified PV (MPV), respectively. MPV is used here to
reduce the exponential increase of PV with altitude to view
horizontal variations in PV at multiple altitudes simulta-
neously [Lait, 1994]. GEOS-5 y and MPV have been
interpolated to the MLS measurement locations. For clarity,
the mean y and MPV poleward of 20� N at each altitude has
been subtracted. The white contour in Figures 2b, 2c, and 2d
denotes the 75 m/s isotach; this highlights the location of the
PNJ between 35 km and 70 km. Figure 2b shows CO
contours that are displaced downward at high latitudes and

Figure 2. GEOS-5 y , PV, and MLS carbon monoxide on 7 January 2009. (a) NH polar stereographic
projection of CO at 55 km, (b) cross-polar altitude section of CO along the MLS swath indicated with
gray symbols in Figure 2a, (c) cross-polar altitude section of y minus the hemispheric mean at each
altitude, (d) same as Figure 2c but for MPV, (e) CO (solid black curve) and y (dashed gray curve) along
the cross-polar track at 55 km, and (f) CO (solid black curve) and MPV (dashed gray curve) along the
track at 55 km. As in Figure 1, the white contours in Figures 2a–2d denote wind speeds of 75 km.
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indicate the descent of mesospheric air into the polar vortex.
At each altitude, the highest CO values are collocated with
the lowest y values at the corresponding altitude in Figure
2c. The alignment of CO and y contours suggests that the
large-scale y field is realistic. Figure 2d shows that MPV is
higher in the vortex below �40 km, above which MPV
maxima are located along the poleward flank of the jet. The
vertical continuity of the two lobes of maximum PV
suggests that the complex horizontal distribution shown in
Figure 1 is physically consistent and not dominated by
artifacts in the analyses. The local PV minima inside the
vortex at altitudes as low as 40 km indicate that it is also not
due to a lack of observations constraining the model. The y
and MPV patterns shown here occur regularly throughout
the winter in both hemispheres. Figures 2e and 2f show
more quantitatively the relationship between CO, y , and
MPValong the MLS swath at 55 km. Figure 2e is CO (solid
black) and y (gray dashed). Figure 2f is CO as in Figure 2e
and MPV (gray dashed). Figure 2e shows a strong anti-
correlation (�0.95) between CO and y . Figure 2f shows
that, to first order, MPV increases as CO increases and this
results in a positive correlation of 0.73. However, local
MPV maxima are collocated with the PNJ, equatorward of
the CO maximum. Thus, highest equivalent latitudes corre-
spond to air near the PNJ and lower values of equivalent
latitude are in the vortex core. These results are consistent
with Lahoz et al. [2009, Figure 6], who showed anticorre-
lations between PVand methane at 1900 K (�50 km) in the
Antarctic vortex in April and May 2003.
[19] A key point in Figures 2c and 2d is that the vertical

structure of y is deep (being a vertical integral of temper-
ature), while the vertical structure of PV is more shallow
(being a vertical derivative of temperature). Mesospheric y
values ‘‘remember’’ the deep, cold polar stratosphere well
into the lower mesosphere, while mesospheric PV values
are influenced more by shallow temperature anomalies in
the lower mesosphere.

[20] When the vortex encircles the pole, the mean geo-
graphic latitude within y and PV bins generally varies
monotonically and this can be used as a first-order measure
of how far PV maxima are from the pole. When filaments of
high PV stretch along the subtropical jet, the maximum
mean geographic latitude is not located in the highest PV
bins. To evaluate how the mean geographic latitude varies
as a function of PVandy , the area-weightedmean latitude for
each PV and y bin is calculated. Mean latitude is computed
within twenty equally spaced y and PV bins based on the
range of values observed poleward of 40� N latitude. The
latitude constraint is applied separately in each hemisphere.
Figure 3 shows the mean latitude within NHy (Figure 3, left)
and PV (Figure 3, right) bins between 500 K and 4500 K
(�20–75 km) on the same day as shown in Figure 1. Each
colored curve represents a different potential temperature.
Black dashed curves indicate the potential temperature levels
shown in Figure 1. Figure 3 (left) shows that mean latitude
increases monotonically as y decreases at all altitudes on this
day. Figure 3 (right) shows that below �3000 K (purple and
blue curves), mean latitude increases with increasing PV, as
expected. However, above this altitude (yellow and red
curves), the mean latitude decreases with increasing PV. This
is consistent with the PV field shown in Figure 1 (top right),
where maximum PV values are primarily located in mid-
latitudes rather than in the vortex center. Above �3000 K,
PV is generally not ‘‘vortex-centered’’ even when the vortex
jet is fairly zonally symmetric (as in Figure 1). At all altitudes,
y decreases monotonically into the vortex core where
horizontal winds are weak. Thus, it is appropriate to use y
(or a long-lived tracer) to compute equivalent latitude
throughout the stratosphere and lower mesosphere. This
premise holds true even in situations when the vortex center
is shifted from the pole and when the shape of the vortex is
elongated. When the vortex is split, the physical interpreta-
tion of equivalent latitude is ambiguous regardless of the
diagnostic on which it is based.

Figure 3. Mean latitude as a function of (left) y and (right) PV on 7 January 2009. Mean latitude is
computed within 20 equally spaced y and PV bins based on the range of values observed poleward of
40�N latitude. Colors denote potential temperature levels between 500 K and 4500 K. Black dashed
curves indicate the 1000 K and 3000 K levels shown in Figure 1. To the right of each plot is a vertical
profile of the latitude difference between the mean latitude in the lowest y (highest PV) bin and the
poleward-most mean latitude in any y (PV) bin.
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[21] For the example shown here we assume that y is
vortex-centered at all altitudes. Thus, for PV to be vortex-
centered the mean latitude in PV bins should correlate with
the mean latitude in y bins and latitude differences between
the two should be close to zero. At each altitude (i.e., for
each of the colored curves) differences are computed
between the mean latitude in the lowest y (highest PV)
bin and the poleward-most mean latitude in any y (PV) bin.
An altitude profile of these differences is shown to the right
of each plot in Figure 3. Latitude differences based on y are
zero at all altitudes. However, latitude differences based on
PV increase to 10� at �3000 K and to nearly 40� at 4000 K.
Latitude differences larger than �10� are associated with
largest PV values that stretch along the subtropical jet and
correspond to moderate values of y compared to the
hemispheric average. At these altitudes, it is appropriate
to use y to compute equivalent latitude.
[22] The negative relationship between y and latitude

breaks down any time the vortex is not approximately pole
centered. This is the case, e.g., during stratospheric warming
events, during vortex formation and breakdown, and in the
polar mesosphere. To estimate how often this occurs we
compute average latitude differences in the 3000 K to 4500 K
(�60–75 km) layer. In the NH, the layer average latitude
differences exceed 10� by 2% in December, 6% in January,
4% in February, and 1% in March (not shown). In the
Southern Hemisphere (SH), this occurs 14% of the time in
September because the Antarctic vortex is displaced from
the pole as the summer anticyclone descends into the
stratosphere (but 0% of the time in the other months
considered here). The results shown in Figure 4 are nearly
identical when these days are included or excluded. Thus,
the climatology that follows includes these events.
[23] In Figure 4, the daily latitude differences shown in

Figure 3 are combined and presented as multiyear monthly

means. Solid (dashed) curves show y-based (PV-based)
latitude difference profiles. Latitude differences are pre-
sented as absolute values. The months shown are restricted
to when the vortex is generally well established. In the SH
(Figure 4, left), latitude differences based on y are less than
1� at all altitudes during all winter months. Only in
September, when the upper stratospheric vortex begins to
break down, do the latitude differences increase. Latitude
differences based on PV, on the other hand, increase from 3
to 5� below 2500 K to �20–30� at 4000 K. Maximum
latitude differences occur in April and September when the
upper stratospheric vortex is displaced from the pole. The
5� maximum at �1700 K in June and July is a regular
recurring feature and is examined further in Section 4.
[24] In the NH (Figure 4, right), mean latitude differences

based on y are � 3� at all altitudes. These differences are
slightly larger than in the SH due to stratospheric warming
events that occur at different times in different years.
Latitude differences based on PV are �5� below 2500 K
and increase to �15� at 4000 K. These results show the
dramatic increase in the PV-based latitude differences above
3000 K in both hemispheres. At these altitudes, large
positive (negative) PV values in the NH (SH) are often
confined to zonal bands in midlatitudes, giving rise to large
latitude differences.
[25] Figure 5 shows the relationship between PVand y at

the same potential temperature levels and on the same day
as shown in Figures 1, 2, and 3. Mean PV is computed
within the same y bins as in Figure 3 and dashed curves
indicate the potential temperature levels shown in Figure 1.
The y axis is logarithmic, so small changes in the slope of
the curves are significant. In the stratosphere (lower PV
values), the predominant relationship between PV and y is
an anticorrelation, but the correlation coefficient varies
significantly with altitude and y value. A negative correla-

Figure 4. (left) SH and (right) NH multiyear (October 2003 to April 2009) monthly mean profiles of
latitude differences based on y (solid curves) and PV (dashed curves). Latitude differences are shown as
absolute values.

D22105 HARVEY ET AL.: PV-BASED EQUIVALENT LATITUDE

7 of 12

D22105



tion dominates below 2000 K at all values of PV and y (PV
increases as y decreases). However, a significant region of
weak or positive correlation exists above �2000 K in
negative y bins (upper left corner of Figure 5). In the upper

stratosphere and lower mesosphere this relationship changes
sign because maximum PV values are located in interme-
diate y bins instead of in the lowest y bins. Mean PV then
decreases and levels off with decreasing y . At the upper-
most altitudes (high PV), PV and y are neutral to positively
correlated.
[26] In the NH (SH), we estimate how often PV maxima

(minima) are observed in intermediate y bins in the sub-
tropics and midlatitudes instead of in the lowest (highest)
y bins poleward of the jet. Here, we compute the fraction
of the time (hereafter referred to as frequency) that the
largest PV values are located in the upper half of y bins
(lower half of y bins in the SH). The analysis is
performed daily in each hemisphere as a function of
potential temperature.
[27] Figure 6 shows vertical profiles of multiyear month-

ly mean frequencies in the SH (Figure 6, left) and NH
(Figure 6, right). Qualitatively, results in the two hemispheres
are similar, showing generally increasing frequencies – and
thus a greater incidence of ‘‘PV ribbons’’ in midlatitudes –
with increasing altitude. Below �2000 K (�50 km), largest
PV values are located in subtropical or midlatitude y bins
less than 10% (20%) of the time. At 3000 K (�60 km),
largest PV values are observed in lower latitude y bins
�30–50% of the time. At 4000 K (�70 km), this fraction
reaches �40–80%.

4. Discussion

[28] This section explores how the correlation between
PV and y can become zero or positive in the lower
mesosphere. The utility of mapping constituents by PV is
based on typical stratospheric observations showing PV and
constituents covarying according to air mass type, which
implicitly results from correlations in sources and sinks and

Figure 5. Mean PV as a function of y on 7 January 2009.
Mean PV is computed within 20 equally spaced y bins
based on the range of values observed poleward of 40�N
latitude. Colors denote potential temperature levels between
500 K and 4500 K. Black dashed curves indicate the 1000 K
and 3000 K levels shown in Figure 1.

Figure 6. (left) SH and (right) NH multiyear (October 2003 to April 2009) monthly mean profiles of the
fraction of the time that maximum (minimum) PV is located in the higher (lower) half of y bins,
indicating how often PV is not vortex-centered.
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mutual advection by winds. In the polar mesosphere,
nonconservative processes [e.g., Haynes and McIntyre,
1987] acting uniquely on PV will alter its relationship with
constituents. In the polar winter mesosphere, a descending
warm anomaly, forced by the global pattern of mesospheric
gravity wave drag, leads to an upward decrease in the
strength of the PNJ and an equatorward displacement of
the jet axis. Diabatic processes include strong radiative
cooling and irreversible mixing by breaking gravity and
Rossby waves. The nonlinear interaction between wave
drag and the weak winds leads to descent of the warm
anomaly [Hitchman et al., 1989]. The effect of this warm
anomaly on the zonal wind, vorticity, static stability, and PV
fields is described, and its effect on the correlation between
PV and y is proposed.
[29] One may diagnose the effect of the polar warm

anomaly on the distribution of PV (and y) through the
thermal wind relation:

@u=@z ¼ �g= q fð Þ@q=@y: ð2Þ

The poleward temperature increase leads to easterly shear
with height (@u/@z < 0). Going upward into the mesospheric
polar vortex, the vertical derivative of absolute vorticity,
h, is

@h=@z ¼ g=ðq fÞ@2q=@y2: ð3Þ

In the polar warm anomaly @2q/@y2 < 0, so f @h/@z < 0,
which implies smaller magnitude of absolute vorticity,
tending to cause an upward decrease in PV into the
mesosphere poleward of the jet maximum. Relative
vorticity and y are related through the horizontal Laplacian.
With suitable boundary conditions the two variables satisfy
the invertibility principle and contain the same information.
Hence vorticity alone would not alter the relationship
between PV and y . One must therefore look to static
stability for understanding how the correlation between PV
and y can become zero or positive.
[30] One fundamental difference between PV and y is

that y is a vertical integral of temperature, while PV
includes a vertical derivative of temperature. This makes
PV more responsive to local temperature structures than y .
The poleward temperature decrease into the stratospheric
winter polar vortex exists through a deep layer, and this
relationship is preserved into the mesosphere in y . In
contrast, the lower mesospheric warm anomaly implies
decreased static stability above, which changes PV more
than y , thereby altering @P/@y .
[31] Figure 7 illustrates the relationship between the

warm anomaly and static stability and provides a comparison
between GEOS-5 and MLS on 7 January 2009. Figures 7a,
7c, and 7e (Figures 7b, 7d, and 7f) is GEOS-5 (MLS).
Figures 7a and 7b are NH polar projections of temperature
at 65 km. The large-scale horizontal temperature structure is
in good agreement; both GEOS-5 and MLS show a warm
stratopause poleward of the jet (white contour) and low
temperatures in the lower mesosphere equatorward of the
jet. Also shown are cross-polar altitude sections of temperature
(Figures 7c and 7d) and static stability (Figures 7e and 7f).

GEOS-5 temperature and static stability have been inter-
polated to the MLS measurement locations along the
same swath shown in Figures 2b, 2c, and 2d. The temper-
ature swaths show that the large-scale structure is in fairly
good agreement between GEOS-5 and MLS, despite the
complicated structure of the stratopause on this day. This
level of agreement is often observed, except after the
stratospheric warming/mesospheric cooling events in 2006
and 2009 [Manney et al., 2008a, 2009a]. Figures 7e and 7f
show the large-scale structure of static stability is in general
agreement between GEOS-5 and MLS. Static stability is
generally larger poleward of the jet at all altitudes below
�60 km. However, both GEOS-5 and MLS show that,
between 50 km and 60 km, there is a local PV minimum
in the vortex with maxima near the jet. Lower static stability
in the core of the mesospheric vortex is consistent with
decreased PVabove the polar warm anomaly. This feature is
consistent with low PV in the vortex core relative to the jet
(compare Figure 7e to Figure 2d).
[32] Figure 7 clearly illustrates that temperature anoma-

lies in the lower mesospheric wave breaking regime are
vertically local, leading to vertically local variations in PV.
Meanwhile, y ‘‘remembers’’ the cold lower stratosphere
well into the mesospheric polar vortex, leading to a change
in the relationship between PV and y and a degradation of
the utility of PV as a vortex-centered coordinate.

5. Conclusions

[33] GEOS-5 analyses are used to quantify how often PV
varies monotonically across the jet and into the vortex. In
the lower and middle stratosphere, both y and (usually) PV
vary monotonically normal to the polar westerly jet (except
when the vortex is extremely disturbed). Thus, it is often
appropriate to interpret these fields as vortex-centered
coordinate systems. The example shown in this work
emphasizes that, at times, small PV values are located in
the vortex core down to 40 km. This is largely a result of
temperature generated static stability anomalies. Above
�3000 K (�60 km), y values continue to vary monoton-
ically normal to the jet and to tracer contours. Thus, in the
lower mesosphere the y field remains vortex-centered.
Above �3000 K (�60 km), PV does not vary monotoni-
cally with y up to 80% of the time. At these high altitudes,
regions of small PV are often found in the vortex core and
the largest positive (negative) values are found near the
subtropical jet maximum in the NH (SH). This work
supports the use of equivalent latitude based on y as a
vortex-centered coordinate in the polar winter mesosphere.
[34] The extent to which PV varies monotonically across

the jet toward the vortex core is quantified by calculating
average latitude difference profiles between the mean lati-
tude in the highest PV band and the most polar mean
latitude within any of the PV bands in the hemisphere on
each altitude and day. These differences are compared to y-
based calculations performed in a similar manner. Latitude
differences based on y are less than 3� up to 4600 K in both
hemispheres (except in the SH in September when the
vortex begins to breakdown in the upper stratosphere). In
contrast, results based on PV show latitude differences on
the order of 15� to 30� above 3000 K. While inaccuracies in
the assimilated analyses at high altitudes may somehow
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foster decorrelation of PVand y , it is argued that the gravity
wave driven warm anomaly causes PV magnitude to de-
crease poleward. It is further argued that radiative transfer
and local heating rates can change the relationship between
PV and y . The key theoretical point is that the changing
relationship between y and PV depends critically on static
stability changes. The lower mesospheric warm anomaly
implies decreased static stability, which decreases PV more
than y , thereby altering @P/@y . It is concluded that when
there is a weak or positive correlation between PVand y (at
any altitude) care should be taken when using PV as a
vortex-centered coordinate, when defining the vortex edge
using individual PV contours, and when using PV values to
separate air masses that are inside from those that are
outside the vortex. Future work will explore the implica-
tions of this result on other commonly used definitions of
the vortex edge.
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